Fe nanoparticle entrained in tubular carbon nanofiber (TCNF) as an effective electrode material for metal-air batteries was successfully prepared. TEM and STM investigations revealed that during impregnation Fe precursor ions penetrated into TCNF tubes through factures between the structural units of TCNF, which were absent in commercial carbon nanotube (CCNT). Thus the location of Fe nanoparticles depended on carbon materials: they were in the TCNF tubes and on the surfaces of CCNT. During repeated voltammetric cycles, the Fe nanoparticles in the TCNF tubes evolved to elongated oxygen-lean Fe nanoparticles, while those on CCNT did to oxygen-rich Fe oxide dendrites. Voltammograms of the modified Fe nanoparticles revealed that a higher overpotential was needed for dendrite formation. On the other hand, impedance spectroscopy also disclosed that the mass transfer of soluble Fe species was much faster in the one-dimensional TCNF tubes than in the three-dimensional open spaces between individual CCNTs. Thus, a low overpotential of the redox process of the elongated Fe nanoparticles and the fast mass transfer of soluble Fe species in the TCNF tubes resulted in an increased amount of Fe involved in charging/discharging process, which accounted for the higher efficiency of Fe nanoparticles on TCNF in Fe-air battery system.
high energy density, low cost, and low environmental load [1] [2] [3] [4] [5] . Lithium-air batteries have drawn attention due to their improved gravimetric energy storage density [1, 5] . However, safety concerns associated with lithium require several precautions, such as employing a nonaqueous electrolyte [6] . Promising alternatives are iron-and zinc-air batteries using alkaline electrolytes, which are advantageous in terms of safety, cost, and environmental load [3] .
However, these batteries have disadvantages to be solved before they are commercially available, such as dendrite formation shortening the cycle life of metal-air battery [7] [8] [9] .
Many efforts have been made to overcome these hurdles toward practical Fe-air or Zn-air batteries [10] [11] [12] [13] [14] [15] [16] [17] . Two major concerns in such efforts are hydrogen evolution causing water electrolysis to increase internal pressure of batteries [5, 6, 17, 18] and dendrite formation during repeated charge/discharge processes. To provide solutions to these problems, alloying iron or zinc with a second metal (such as nickel and indium) and coating the alloys with other materials (such as lithium boron oxide and neodymium) has been applied to increase the overpotential of hydrogen evolution [10, 12, 14] . However, problems associated with dendrite formation still remain unsolved because of uncontrollable and irregular dissolution/deposition of iron or zinc metal in alkaline electrolytes. Solid or gel state polymer electrolytes and ionic liquids were proposed as alternatives to avoid dendrite formation in aqueous electrolyte [1, 5, [19] [20] [21] [22] . Another approach is addition of phosphoric acid or citric acid to electrolytes as corrosion inhibitors to increase the stability of iron and zinc [11, 16, 17] . However, excluding lithium-air batteries, the use of these alternatives in iron-and zinc-air batteries remains in its infancy.
Our group investigated Fe 2 O 3 nanoparticles on various carbon materials for iron-air battery system [23] [24] [25] [26] [27] [28] [29] . In an iron-air battery system, Fe 2 O 3 nanoparticles on tubular carbon nanofiber (TCNF) support was more efficient than other carbon materials such as acetylene black, graphite, and other carbon nanofibers by a factor of 2~3 [24, 26, 29, 30] . However, the reason for the higher efficiency of TCNF has been remained unclear.
This report presents a fundamental reason for the higher efficiency of Fe nanoparticles loaded in the hollow tubes of TCNF referring to a commercial CNT (CCNT) having a tubular structure of a diameter similar to that of the investigated TCNF. The fundamental reason for the enhancement of TCNF is the existence of fractures (termed "nano-gates") between structural basic units of specially prepared TCNF [31, 32] , which allow Fe precursor ions to penetrate into TCNF tubes. During an electrochemical treatment, Fe nanoparticles in TCNF tubes evolve to oxygen-lean elongated Fe nanoparticles, while those on the surfaces of CCNT do to oxygen-rich Fe oxide dendrites. The particular difference is related to distinguishing electrochemical behavior, which in turn accounts for the higher efficiency of Fe nanoparticles impregnated on TCNF in our previous works.
Experimental

Sample preparation
Two carbon materials were employed. One was TCNF prepared from a mixture of CO and H 2 gas (1:1, 200 mL/min) over Fe/Ni (6/4, w/w) alloy catalysts at 685°C for 1 h (as described in ref. [31] [32] [33] ). The other carbon material was a commercial carbon nanotube (CCNT), supplied by JEIO Co., Ltd., Korea. The choice of the specific CCNT as a reference material was based on that among commercially available tubular carbon materials, the diameter of the chosen CCNT was closest to the diameter of TCNF to be compared in this work (See below.).
To enhance the structural differences of TCNF and CCNT, they were graphitized at 2800 o C under an Ar atmosphere for 10 min.
Fe nanoparticles were loaded on TCNF and CCNT using an impregnation method. An aqueous solution of FeCl 3 ·6H 2 O (Wako Pure Chemical Co., Ltd., Japan) with dispersed TCNF or CCNT were stirred and dried for 3 days at 40°C to ensure complete penetration of Fe precursor ions into the tubes of TCNF and CCNT, and the residuals after drying were treated at 500°C for 1 h under an Ar atmosphere to reduce the impregnated Fe precursor ions to metallic Fe and to remove chlorides.
Characterizations
Crystallographic phases of loaded Fe nanoparticles on carbon materials were identified using X-ray diffraction (XRD, Rigaku Ultima III, CuKα target). The loaded amounts of Fe nanoparticles were estimated using thermogravimetric analysis (TGA, STA7000 series, Seiko
Instruments Inc., Japan). Visual observation of TCNF and CCNT with and without Fe nanoparticles was performed using a transmission electron microscope (TEM, JEM-2010F, JEOL Ltd., Japan) with an acceleration voltage of 200 keV. After electrochemical treatment, Fe-loaded carbon materials were collected for visual inspection by dissolving with a mixture of N-methyl-2-pyrrolidinone (NMP, Wako Pure Chemical Co., Ltd., Japan) and acetone.
Simultaneously, elemental analysis was carried out using energy-dispersive X-ray spectroscopy associated with TEM (TEM-EDX , JEM-2010F, JEOL Ltd., Japan). Also, the exterior surfaces of TCNF and CCNT were observed using scanning tunneling microscopy (STM, Nanoscope IIIa, Digital Instrument, USA). STM images were acquired under a constant current mode using tunneling currents in the range of 0.2 ~ 1.0 nA, bias voltage in the range of 0.1 ~ 1 V, and scan frequencies of 1 ~ 2 Hz. A few amounts of TCNF and CCNT were suspended in methanol, and then dropped onto the freshly exfoliated surface of highly ordered pyrolytic graphite (HOPG).
Electrochemical measurements
For electrochemical measurements, the electrodes were prepared by spreading slurries of Fig. 1 shows TEM images of TCNF and CCNT before and after graphitization. As shown in Fig. 1(a) , the pristine TCNF shows a periodic structure of funnel-type structural units [31, 32] revealed by the fractures between structural units as indicated with the arrows (See also the zoomed image.). The funnel-type units, whose walls are tilted by ~5° to the fiber axis, repeat at a periodicity of approximately 20~30 nm. Graphitization of TCNF at 2800°C enhances the periodic structure as shown in Fig. 1(b) . Specifically, the graphitized TCNF consists of funnel-type units joining consecutively at a period of ~10 nm to clearly show the presence of fractures between the structural units. Note that the walls of the nanotube segments in graphitized TCNF are tilted by ~8° to the fiber axis. In pristine CCNT, on the other hand, there is a bamboo-like joint (indicated by arrows) ( Fig. 1(c) ). However, such a joint is not observed at all after graphitization of CCNT ( Fig. 1(d) ). Therefore, the fractures observed in this report are unique only with TCNF, not with CCNF. Fig. 2(b) ), while the joint is rarely observable on graphitized CCNT (Fig. 2(d) ). Furthermore, the STM image of graphitized TCNF reveals that the interval of the fracture is roughly around 10 nm, and that the structural basic unit on TCNF are carbon nano-plate, not carbon nano-rod [31, 32] . Thus, the results of STM are quite consistent with those of TEM. Fig. 3(a) ). Contrastingly, the individuals or aggregates of Fe nanoparticles of relatively larger sizes are scattered on the surfaces of CCNT (Fig. 3(b) ). Crystallographic phases of Fe nanoparticles loaded on TCNF and CCNT were scrutinized using XRD as shown in Fig. 5 Note the difference in current density scale of (a) and (b). Scan rate: 10 mV/sec. (Fig. 3(a) ) are modified to elongated nanoparticles ( Fig.   7(a) ). In contrast, the Fe nanoparticles on CCNT change to large dendrites ( Fig. 7(b) ), which are not desirable. Growth of the elongated Fe nanoparticles in TCNF tubes would be due to confinement of the soluble species generated during the repeated dissolution/re-deposition processes in TCNF tubes. Fe precursor ions took as long as 3 days to penetrate into TCNF tubes through the nano-gates during impregnation step, and the time scale in a voltammetric scan (one voltammetric cycle took 4 min) is too short for the soluble species to diffuse out of TCNF tubes through the nano-gates. Thus, all electrochemical processes on TCNF (i.e., dissolution to soluble species and re-deposition of the soluble species) occur in the confined spaces of TCNF tubes. When the Fe nanoparticles dissolve, and when the soluble species redeposit on nearby Fe seed nanoparticles, the soluble species diffuse along the tubes in both directions (one-dimensional diffusion). On CCNT, on the other hand, the soluble species diffuses three-dimensionally during the dissolution and re-deposition processes. However, the absence of confined spaces in CCNT would lead to dendrite formation. Because the soluble species of nanoparticles on CCNT are able to diffuse in all directions, only large dendrites will survive after a large number of voltammetric cycles. Indeed, spherical Fe nanoparticles are not observed around the dendrites after 100 th cycles as shown in Fig. 7(b) . 
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Conclusions
This work presented a fundamental reason for the higher efficiency of Fe nanoparticles loaded on TCNF for metal-air battery previously reported by us [24, 26, 29, 30] The fundamental issue concerning Fe nanoparticles loaded on TCNF presented in this work is a certain break-through toward practical metal-air battery. In this regard, a research work for more practical Fe-air battery utilizing the concept of penetration of metal precursor ions into confined spaces is in progress in our group.
